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FULL LENGTH ARTICLE
Accelerated induction of in vitro apatite formation by parallel alignment of
hydrothermally oxidized titanium substrates separated by sub-millimeter
gaps
Satoshi Hayakawa a, Keigo Okamotob and Tomohiko Yoshiokaa
aBiomaterials Laboratory, Graduate School of Interdisciplinary Science and Engineering in Health Systems, Okayama University, Kita-ku,
Japan; bBiomaterials Laboratory, Graduate School of Natural Science and Technology, Okayama University, Kita-ku, Japan
ABSTRACT
Although autoclaving is a common sterilization method for biomedical devices, the ability to
induce deposition of apatite particles on hydrothermally treated titanium is still not fully
realized. This is because the induction ability is too weak to be evaluated via in vitro apatite
formation in Kokubo’s simulated body fluid (SBF) by the conventional immersion method, i.e.
using samples with open and smooth surface. This study reports on the surface structure of
hydrothermally treated titanium and the ability to induce deposition of apatite particles on
the surface of parallel confined spaces separated by sub-millimeter gaps in Kokubo’s SBF.
Thin-film X-ray diffraction and analyses using Fourier transform infra-red (FT-IR) spectroscopy
and Raman spectroscopy revealed that a nano-crystalline anatase-type titanium oxide layer
was formed on titanium substrates after hydrothermal treatment at 150°C for 2 h. When
growth of the titanium oxide layer was moderately suppressed, the hydrothermally treated
titanium surface exhibited a characteristic interference color, silver or gold, which does not
impair the esthetic appearance of the titanium-based implant. The ability to induce deposi-
tion of apatite particles on hydrothermally treated titanium was remarkably amplified by
parallel alignment of substrates separated by sub-millimeter gaps.
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Since titanium and titanium alloys have excellent
mechanical strength, biocompatibility, and corrosion
resistance, they are widely used as biomedical implant
materials in the orthopedic and dental fields [1,2].
When metallic titanium is embedded in a living body,
it is covered with a thin non-collagenous amorphous
material [3,4], and thus requires a long period to
achieve mechanical fixation, either by bone ingrowth
or by interlocking (between bone tissue and the
implant). It is therefore necessary to induce sponta-
neous precipitation of low-crystalline apatite particles
on the surface of titanium-based implants in the body
to improve bonding with bony tissue. Various surface
modification methods have been proposed to
improve the osteoconductivity of titanium-based
implants [5–10]. We have developed GRAPE® tech-
nology [11–15], which spontaneously forms a low-
crystalline apatite particle layer on the surfaces of
grooves in metallic titanium samples that are soaked
in a simulated body fluid (SBF; Kokubo solution [16])
by applying thermal oxidation treatment at 500°C.
The induction of apatite formation on the titanium
oxide layer was confirmed using sub-millimeter spa-
tial gaps instead of grooves [13–15]. The titanium
oxide layer (rutile phase) produced on the titanium
surface due to thermal oxidation did not induce
deposition of apatite particles when exposed to bulk
SBF [13–15]. The ability of a titanium oxide layer to
induce deposition of apatite particles can be amplified
by the use of confined spaces. Confining the compo-
nent ions of apatite or calcium phosphate clusters,
such as pre-embryos and embryos, within a narrow
space is an essential feature of GRAPE® technology
[17]. Since the surface of thermally oxidized implants
exhibits a characteristic interference color, such as
deep violet due to the titanium oxide layer [18],
however, the esthetic appearance (appearance of peri-
implant soft tissues) is inferior to the golden or the
silver coloring common to dental implants [19]. If the
temperature of the thermal oxidation treatment is
decreased to reduce the influence of the interference
color, the apatite-forming ability decreases remark-
ably. Depositing a nano-crystalline titanium oxide
layer on the titanium surface by chemical and ther-
mal treatment [20–26] or applying anodic oxidation
treatment [27–30] can induce the deposition of apa-
tite particles in SBF. Despite this fact, few studies
have focused on the esthetic appearance of titanium
implants, and the influence of the interference color
cannot be avoided due to the deposition of titanium
oxide crystallites on the surface. Unfortunately, this
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means that there must be a trade-off between the
ability to deposit apatite particles and the esthetic
appearance of titanium implants. Thus far, there are
many reports concerning the effects of hydrothermal
treatment on the surface of metallic titanium and its
physico-chemical and biological properties [31–37].
Fluorine-contaminated titanium implants were
strongly discolored after autoclaving (by applying
high-pressure steam sterilization treatment at 132°C
for 20 min) due to the growth of a surface oxide [38].
The apatite-forming ability of thermally oxidized tita-
nium substrates was enhanced by autoclaving (121°C,
20 min) due to an increase in surface Ti―OH groups
[39]. The growth of apatite-like crystals on anodically
oxidized titanium was promoted by autoclaving (300°
C, 2 h or 4 h) [40]. If a metallic titanium substrate is
subjected to hydrothermal treatment, the growth of
the titanium oxide layer can be precisely controlled to
reduce the influence of the interference color and
enable more Ti―OH groups to be formed on the
surface than with thermal oxidation. Our preliminary
experiments revealed, however, that hydrothermally
treated titanium substrates did not induce deposition
of apatite particles when exposed to bulk SBF. In this
study, hydrothermal treatment was applied to tita-
nium substrates at 150°C for various periods, and
the apatite-forming ability of hydrothermally treated
titanium substrates separated by sub-millimeter spa-
tial gaps was evaluated after soaking the substrates in
SBF for 7 days. We also investigated the surface
structure and appearance of the hydrothermally trea-
ted titanium substrates and the effects of the storage
environment on their apatite-forming ability.
2. Materials and methods
The SBF, prepared according to the formulation pro-
posed by Kokubo et al [16]., had an ion concentration
similar to that of human blood plasma (Na+ 142.0, K+




2 – 0.5 mM). The pH was adjusted to 7.4 with
TRIS and HCl. A mirror-polished pure titanium sheet
was purchased from Sumitomo Metals Ltd. (Naoetsu,
Japan) and rectangular substrates (20 mm × 10 mm ×
2 mm) were cut from the sheet. The titanium substrates
were ultrasonically washed with acetone for 10 min and
then ultrasonically rinsed with ultra-pure water. The
hydrothermal treatment can be described as follows:
two titanium substrates were placed in a PTFE vessel
(50 mL) to which 10 mL of ultra-pure water was then
added. The vessel was sealed with a stainless-steel com-
pact pressure vessel and kept in an incubator at 150°C for
various periods ranging from 30 min to 24 h. The speci-
mens and configurations are depicted in Figure 1, which
shows the two titanium substrates subjected to hydro-
thermal treatment placed parallel to each other with
a gap of 0.3 mm and held together at four corners with
an adhesive and polymer (Nylon®) spacers. The titanium
specimens were suspended in the center of a tightly
capped polyethylene bottle and soaked in 40 mL of SBF
(pH7.4, 36.5°C) for up to 7 days. The specimens were
then gently rinsed with ultra-pure water and dried in air
at room temperature. The surfaces of the hydrothermally
treated titanium specimens were examined using a laser
Raman spectrometer (JASCO NRS-5100, Japan) with
a wavelength of 532 nm and laser power of 11 mW, as
well as with a Fourier transform infrared reflection spec-
trometer (FT-IRRS, Thermo-Fisher Scientific, Nexus
470, USA) equipped with a Model 501 Spectra Tech
attachment (reflection angle 75°), which collected the
signals from 256 scans at a resolution of 4 cm–1. The
spectrum for an as-received mirror-polished titanium
substrate was taken as the background. In addition, the
surface oxide was examined by an X-ray photoelectron
spectrophotometer (XPS, S-Probe ESCA SSX100S,
Fisons Instruments, USA) using monochromatized
AlKα radiation (hν = 1486.6. eV). The binding energy
drift was corrected by normalizing the measured binding
energy to the Ti2p core level of 458.8 eV. The formation
of apatite crystals on the surface after being soaked in
SBF was examined by using thin-film X-ray diffraction
(TFXRD, X’pert-ProMPD, PANalytical, the Nether-
lands) with CuKα radiation (λ = 1.5418 Å) operating at
45 kV and 40mA, a 2θ scan mode, and an incident angle
Figure 1. Schematic drawing and configuration of the specimens, in which a pair of titanium specimens is held together at four
corners with Nylon® spacers.
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θ of 1.0°. The surface morphology was examined by field
emission scanning electron microscopy (FE-SEM, S-
4800, HITACHI High-Technologies, Japan) with an
accelerating voltage of 5 kV and a filament current of
30 μA. The quantity (number), size, and surface coverage
of the deposited apatite particles were derived with image
analysis software (Image Pro 4.5, Media Cybernetics,
Inc., USA).
3. Results
3.1. Appearance and structure of titanium
specimen surface after hydrothermal treatment
The surface of the specimen subjected to hydrothermal
treatment for 2 h was lustrous and silver-colored,
almost identical to that of mirror-polished titanium
substrates (Figure 2). However, the surface color of the
specimen subjected to hydrothermal treatment for
24 h was golden. TF-XRD patterns of the titanium
specimens before and after hydrothermal treatment
are shown in Figure 3. Diffraction peaks belonging to
Ti (ICDD PDF#44–1294) were observed at around 2θ
angles of 35° and 38° in all the specimens. A peak
attributed to anatase (ICDD PDF#21–1272) was iden-
tified at 26° (101 diffraction) on the titanium speci-
mens that were hydrothermally treated for 2 and 24 h.
Raman spectra showed characteristic peaks at 394,
513, and 630 cm–1 for the specimens subjected to
hydrothermal treatment for more than 1 h, which
were attributed to Raman bands of the anatase phase,
B1g, (A1g, B1g), and Eg, respectively (Figure 4(a))
[41,42]. In addition, FT-IRRS analysis showed reflec-
tion peaks at 542 cm–1 and 845 cm–1 for all the
specimens subjected to hydrothermal treatment for
more than 1 h, which can be attributed to stretching
vibrations of Ti―O―Ti and Ti―O, respectively
(Figure 4(b)) [43]. The intensity of the Raman and
FT-IRRS peaks corresponding to anatase increased
with the hydrothermal treatment time, which was in
good agreement with the XRD results.
FE-SEM images of the surfaces of the titanium
specimens before and after hydrothermal treatment
are shown in Figure 5. It can be seen that nano-scale
anatase grains were deposited on the surfaces of all
specimens treated for 1 h or more. Formation of
densely packed anatase grains can be observed on
the surfaces of specimens treated for 24 h, indicating
that the numerical density of grains increased with
increases in the hydrothermal treatment time.
Figure 6 shows O1s core spectra obtained by XPS
measurement for the specimens subjected to hydro-
thermal treatment for 1 h and 2 h. The spectra can be
deconvoluted into a few peaks, according to Healy
et al. [44,45]. The largest peak at 530.1 eV is derived
from the oxygen atoms located in the crystal lattice of
titanium oxide. The peak at 532.1 eV is derived from
the OH group, in which a proton is coordinated with
the oxygen atom on the titanium oxide surface, also
called a bridging oxygen (Ti―O―Ti), and water
molecules physically adsorbed on the titanium oxide
surface. The peak at 534.2 eV is derived from the
oxygen atoms in terminal Ti―OH. The hydroxyl
group chemically adsorbed to the titanium atom on
the titanium oxide surface. The latter two peaks are
referred to as acidic Ti―OH groups and basic
Ti―OH groups, respectively [46]. It can be suggested
that both acidic and basic Ti―OH groups are formed
on the surface of titanium specimens subjected to
hydrothermal treatment. The fraction of the peaks
corresponding to acidic and basic Ti―OH groups
revealed that the amount of acidic and basic
Ti―OH groups increased with increases in the
hydrothermal treatment time. It can therefore be
concluded that a nano-crystalline anatase-type tita-
nium oxide layer possessing acidic and basic Ti―OH
groups is formed on the surface of metallic titanium
substrates after hydrothermal treatment.
3.2. In vitro apatite-forming ability of
hydrothermally treated titanium specimens
The results of naked-eye inspection of the titanium
specimens showed that the apatite formation was
induced on the contact surface but not on the open
surface. Figure 7 shows TF-XRD patterns of contact
surfaces of titanium specimens hydrothermally treated
for various periods, and then soaked in SBF for 7 days.
Peaks attributed to HAp (ICDD PDF#09–0432) were
detected at 2θ angles of 26° (HAp 002 diffraction) and
32° (HAp 211 and 112 diffractions) in the XRD pat-
terns of the titanium specimens hydrothermally
Figure 2. Photo images of the surfaces of titanium specimens before and after hydrothermal treatment for 30 min, 1 h, 2 h, and 24 h.
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treated for more than 2 h. Figure 8 shows TF-XRD
patterns of the surfaces of titanium specimens hydro-
thermally treated for 2 h and soaked in SBF for various
periods up to 7 days. Diffraction peaks corresponding
to HAp appeared after 1 day, and the area of the
diffraction peak at 32° increased with longer immer-
sion periods (Figure 9). Figure 10 shows FE-SEM
images of the central regions of the contact surfaces
of these titanium specimens. Very few nano-apatite
crystallites were observed on the specimen surfaces
after soaking in SBF for 6 h. Nano-apatite crystallites,
present as small hemispherical particles, appeared on
the specimen surfaces after soaking in SBF for 1 day. In
order to evaluate the degree of deposition of apatite
particles on the specimens, the quantity (number),
size, and surface coverage of the particles calculated
from FE-SEM images are summarized in Figure 11.
The number and size of the hemispherical particles
increased with immersion periods of up to 3 days,
whereas the surface coverage gradually increased with
immersion periods of up to 5 days, which is consistent
with the changes in the peak area of HAp diffraction as
shown in Figure 9. The results indicated that apatite
particles could be deposited on the surface of hydro-
thermally treated titanium specimens after soaking in
SBF for a period as short as 1 day under parallel
conditions of alignment with a sub-millimeter gap
between specimens.
3.3. Effect of the storage environment of
hydrothermally treated titanium substrates on
their apatite-forming ability
Titanium substrates subjected to hydrothermal treat-
ment for 2 h were stored under conditions of either
sealed air or polar media (water or acetone) for up to
Figure 3. TF-XRD patterns of titanium specimens before and
after hydrothermal treatment for 30 min, 1 h, 2 h, and 24 h.
Figure 4. (a) Raman spectra of titanium specimens before and after hydrothermal treatment for 30 min, 1 h, 2 h, and 24 h. (b) FT-IRRS
spectra of titanium specimens before and after hydrothermal treatment for 30 min, 1 h, 2 h, and 24 h.
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6 months in a dark place at room temperature. For
storage in sealed air, the titanium substrate was placed
in a polystyrene case with a cover. For a storage in
water, the specimen was first placed in a 40-mL poly-
styrene bottle. Then ultra-pure water equivalent to
about half of the bottle volume (20 mL) was added,
and the bottle was tightly capped. For storage in acet-
one, the substrate was placed in a screw-capped bottle,
into which acetone equivalent to about half of the
bottle volume was added, and the bottle was tightly
capped. After the storage period, two titanium sub-
strates were aligned with a parallel gap of 0.3 mm as
shown in Figure 1. The titanium specimens were sus-
pended in the center of a tightly capped polyethylene
bottle and soaked in 40 mL of SBF (pH7.4, 36.5°C) for
7 days. Figure 12 shows TF-XRD patterns of the con-
tact surfaces of titanium specimens stored in various
Figure 5. FE-SEM images of titanium specimens before and after hydrothermal treatment for 30 min, 1 h, 2 h, and 24 h.
Figure 6. O1s XPS spectra of titanium specimens after hydro-
thermal treatment for 1 h and 2 h.
Figure 7. TF-XRD patterns of the contact surfaces of hydro-
thermally treated titanium specimens after soaking in SBF at
36.5°C for 7 days.
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environments after soaking in SBF for 7 days. Peaks
belonging to HAp (ICDD PDF#09–0432) were
detected at around 2θ angles of 26° and 32° for all the
specimens except the one stored in sealed air for
2 months. Figure 13 shows that the 32° peak area
remained unchanged for all the storage periods. This
indicates that the apatite-forming ability of hydrother-
mally oxidized titanium specimens is not affected by
storage conditions for up to 6 months.
4. Discussion
The reaction mechanism of hydrothermal treatment
of pure Ti has been elucidated by several researchers
[33–36]. According to the model suggested by
Hamada et al. [34] and Shi et al. [36], when pure Ti
is subjected to hydrothermal treatment, the chemical
reactions can be described as follows:
Tiþ 2H2O! TiO2 þ 2H2 " (1)
TiO2 þ 2H2O! Ti OHð Þ4 aqð Þ (2)
Ti OHð Þ4 aqð Þ ! TiO2  nH2O gelð Þ
! TiO2 þ nH2O (3)
It can be expected, therefore, that hydrothermal con-
ditions promote oxidation of pure Ti and deposition
of TiO2 in water (Eq. (1)), which then induces sub-
sequent growth of anatase-type titanium oxide crys-
tals via dissolution (Eq. (2)) and precipitation (Eq.
(3)), depending on the reaction temperature and
time. It can therefore be suggested that anatase-type
titanium oxide nano-crystals are grown on the sur-
face of titanium substrates by hydrothermal oxidation
of metallic titanium substrates in water.
Deposition of apatite particles was induced on the
contact surface of hydrothermally treated titanium spe-
cimens in SBFwithin 1 day when theywere aligned with
a parallel gap of 0.3 mm.We found that the commence-
ment of the deposition of apatite particles on the surface
requires at least 2 h of hydrothermal treatment.
Previous studies have reported that heterogeneous
nucleation of apatite may be induced by Ti―OH
groups, either on the hydrated titanium oxide layer
[23–25,47] or through the epitaxial effects of the specific
arrangement of the groups on the exposed crystal facet
[24,48,49]. Recently, Xiao et al. reported that {101}
facets of rutile contributed to inducing deposition of
apatite particles [50]. The O1s core XPS spectra of
hydrothermally treated titanium specimens (Figure 6)
were deconvoluted into three peaks at 530.1, 532.1, and
534.2 eV, which can be assigned to the oxygen atoms in
the crystal lattice of titanium oxide, the oxygen atoms of
acidic Ti―OH(―Ti) groups or adsorbed water mole-
cules, and the oxygen atoms of basic Ti―OH groups on
the surface, respectively. An acidic Ti―OH(―Ti)
groups works as a proton-donor and a negatively
charged site, while a basic Ti―OH group works as
a proton-acceptor or a positively charged site in SBF
(pH7.4), as illustrated by the following equations:
TiOHTið Þ þH2O! TiO Tið Þ þH3Oþ (4)
Figure 8. TF-XRD patterns of the contact surfaces of hydro-
thermally treated titanium specimens (2 h) after soaking in
SBF at 36.5°C for various periods from 3 h to 7 days.
Figure 9. Diffraction peak area of the 32°-apatite peak as
a function of soaking period.
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TiOHþH2O! TiOH2þ þOH (5)
According to the model proposed by Uetsuki et al.
[51], the hydrated titanium oxide layer contains ade-
quate assemblies of acidic Ti―OH(―Ti) and basic
Ti―OH groups to which the component ions and
species of apatite can be attached. Indeed, deposition
of apatite particles was discerned on sol–gel derived
titanium oxide after soaking in SBF for 1–2 weeks
[47,52–54]. In addition, previous studies reported
that a nano-crystalline titanium oxide layer had
apatite particles deposited on the surface after soak-
ing in SBF for 1–2 days [25,49,51]. The induction
periods for apatite nucleation on the titanium oxide
layer should be dependent on both the numerical
density of the Ti―OH groups and adequate assem-
blies of acidic Ti―OH(―Ti) and basic Ti―OH
groups. In our case, however, a nano-crystalline ana-
tase-type titanium oxide layer on hydrothermally
treated titanium substrates did not induce deposition
of apatite particles when the surface was exposed to
bulk SBF. The significant difference between the
Figure 10. FE-SEM images of the central region of the contact surfaces of hydrothermally treated titanium specimens (2 h)
aligned parallel to each other and soaked in a SBF at 36.5°C for various periods from 3 h to 7 days.
Figure 11. (a) Number, (b) size, and (c) surface coverage of hemispherical particles as a function of the soaking period in SBF.
Results were evaluated for the central region of the contact surfaces of hydrothermally treated titanium specimens (2 h) with
a spatial gap of 0.3-mm.
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hydrothermally prepared titanium oxide layer in this
study and the titanium oxide layer prepared by other
processing methods is the numerical density of the
Ti―OH groups. It can be assumed that the numer-
ical density of the Ti―OH groups in the hydrother-
mally treated titanium specimen was too small to
induce deposition of apatite particles in SBF without
a confined space. On the other hand, parallel align-
ment separated by a sub-millimeter gap remarkably
amplified the ability of hydrothermally treated tita-
nium specimens to induce in vitro deposition of
apatite particles within 1 day. Our previous study
reported that the component ions and species of
apatite diffusing in a confined space contributed to
nucleation and growth of apatite crystallites on active
sites, i.e. acidic Ti―OH(―Ti) and basic Ti―OH
groups [17]. Hence, the rate of nucleation and growth
of apatite particles on the active sites can be acceler-
ated by introducing a narrow sub-millimeter gap
between parallel-aligned titanium specimens.
According to the model proposed by Uetsuki et al.
[51], hemispherical apatite particles can be formed
via primary heterogeneous nucleation and growth of
apatite on the hydrated titanium oxide layer, followed
by secondary nucleation, growth and aggregation.
The total number of hemispherical apatite particles
corresponds to the number of active sites involved in
the primary nucleation process, while the size of the
Figure 12. TF-XRD patterns of the contact surfaces of hydrothermally treated titanium specimens (2 h) after soaking in SBF at
36.5°C for 7 days. The titanium specimens were stored in (a) air, (b) water, and (c) acetone for various periods from 1 month to
6 months.
Figure 13. Diffraction peak area of the 32°-apatite peak as a function of storage period in air, water, and acetone. The average
values are also shown for purpose of comparison.
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hemispherical apatite particles depends on the
nucleation induction time. The size of the hemisphe-
rical apatite particles formed on the hydrothermally
treated titanium substrates in this study (1.4 µm in
diameter) is in fair agreement with that reported by
Nakao et al. [39]. If we assume that the hemispherical
apatite particles have a constant diameter and are
closely packed on a flat surface, the ideal estimated
coverage are ca. 78% and the density of active sites for
apatite nucleation and growth can be calculated from
the following equation [55]:






where r is the hemispherical particle diameter. The
calculated active-site density for the hydrothermally
oxidized titanium specimen is 2.95 × 1011 m–2,
4 times higher than that of the thermally oxidized
titanium specimen, 6.86 × 1010 m–2. We can conclude
therefore that hydrothermally oxidized titanium speci-
mens exhibited a higher active site density than ther-
mally oxidized titanium substrates. The striking
difference in the calculated values can be explained by
the fact that the rate of the nucleation is controlled not
only by active-site density, but also by the environment
in which the active sites are present. If we assume that
a finite number of active sites, with low activity for
apatite nucleation, are widely distributed on the
hydrated titanium oxide surface, parallel alignment
with a sub-millimeter gap limits the diffusion of the
component ions and apatite species near these active
sites. This enhances the interaction between the active
sites and the component ions and apatite species,
resulting in accelerated nucleation and growth.
Consequently, the present results provide important
insights into the effect of confined spaces on amplifica-
tion of the apatite-forming ability of materials. This
study also corroborates the use of hydrothermal oxida-
tion in the fabrication process of titanium-based
implants in various types of confined space, such as
grooves, cavities, gaps, pores, and tubes. From the view-
points of an evaluation method for the in vitro apatite-
forming ability of materials, confined spaces are more
suitable than open surfaces. A confined space can be
used as a facile method for searching for materials with
low apatite-forming ability using a conventional SBF
solution instead of various concentrated SBF solutions.
5. Conclusion
Titanium substrates were hydrothermally oxidized at
150°C for various periods, from 30 min up to 24 h.
The formation of a nano-crystalline anatase-type tita-
nium oxide layer on the surfaces of titanium substrates
was confirmed after hydrothermal treatment for at least
2 h. Hydrothermally treated titanium substrates aligned
parallel to each other and separated by a sub-millimeter
gap in SBF induced the deposition of apatite particles
on the contact surfaces within 1 day. These findings
suggest that the accelerated induction of deposition of
apatite particles can be ascribed to the synergy effects of
active-site density on the titanium oxide surface and the
confined space resulting from the sub-millimeter gap.
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